Bipolar disorder has a lifetime incidence of about 0.5%-1% in both male and female individuals and presents a tremendous emotional and financial burden to affected patients and their families owing to its potential for psychosis, suicide, chronicity and recurrence.
Introduction
Bipolar disorder has a lifetime incidence of about 0.5%-1% in both male and female individuals and presents a tremendous emotional and financial burden to affected patients and their families owing to its potential for psychosis, suicide, chronicity and recurrence. 1 Clinicians and researchers have recently suggested that intervening early in the course of bi polar disorder may reduce this burden, as this strategy may have the potential to delay, lessen the severity of or even prevent full-blown disorder. 2 Such an approach parallels that develop ed to identify troubled youth who are seeking help, have manifest symptoms and impaired functioning and demonstrate a substantially increased risk of psychosis onset, and for whom indicated prevention efforts might be justified. 3 A recent meta-analysis confirmed that sensitivity of psychopathologic criteria for a prodromal phase of bipolar disorder was generally low. 4 Nevertheless, a pilot study of individuals in a clinical at-risk state of bipolar disorder is now available. 2 However, the predictive validity of the criteria could still be enhanced by adding reliable neurobiologic markers of the risk for bipolar disorder.
There is a strong genetic component to susceptibility to bipolar disorder. The lifetime risk for bipolar affective disorder is 15%-30% in individuals with 1 first-degree relative with bipolar disorder and up to 75% in those with 2 affected first-degree relatives, and the concordance rate for monozygotic twins is around 70%. The concordance rate among monozygotic twins is higher for bipolar disorder than unipolar affective disorder, suggesting a relatively greater contribution from genetic factors in the etiology of bipolar disorder compared with schizophrenia and unipolar depression. 1 Genetically at-risk yet healthy relatives or twins of patients with bipolar disorder are an excellent population in whom to study premorbid neurophysiologic markers of bipolar disorder. 5 Examination of neurophysiologic markers of genetic risk for bipolar disorder is currently possible using neuroimaging techniques. Neuroimaging investigations of structural and functional brain abnormalities in individuals at gen etic risk for bipolar disorder (HR) offer several advantages. These include the possibility of identifying brain abnormalities that potentially predate the onset of bipolar disorder and that are not confounded by the presence of illness duration or medication; identifying brain abnormalities that may confer risk for or protect against bipolar disorder to inform evaluation of risk for its development and the subsequent therapeutic intervention; and increasing understanding of the developmental course of bipolar disorder. 5 Neuroimaging abnormalities in HR individuals may underlie the modest neurocognitive impairments observed in relatives of patients with bipolar disorder, which point to executive function and working memory deficits. 6 A number of imaging studies in individuals at genetic risk for bipolar disorder are available, including functional magnetic resonance imaging (fMRI), positron emission tomography (PET), magnetic resonance spectroscopy (MRS), diffusion tensor imaging (DTI) and structural magnetic resonance imaging studies, which investigate grey or white matter volumes. Despite the number of studies published, the results are conflicting, and no reliable structural or functional markers of genetic liability to bipolar disorder have been proposed.
To address heterogeneity across studies, we have systematically reviewed published imaging studies involving HR individuals at genetic risk for bipolar disorder. This group was compared with both healthy controls and patients with established bipolar disorder. With the combination of structural and functional meta-analytic results, we sought to characterize core neuroanatomical and neurofunctional abnormalities underlying genetic risk for bipolar disorder. To provide robust results, we combined traditional voxel-based meta-analysis with formal meta-analysis of effect sizes. Identifying brain abnormalities specifically related to bipolar disorder is critical to understanding its etiopathophysiology and the rationale for the development of new treatments.
Methods

Selection procedures
Search strategies
We used a systematic search strategy to identify relevant studies. Two independent researchers conducted a 2-step literature search. First, we searched MEDLINE to identify putative studies employing neuroimaging techniques that reported data on individuals at high risk for bipolar disorder. The search was conducted between November and December 2010, and no time span was specified for date of publication. We used the following keywords: "MRI," "fMRI," "PET," "MRS," "DTI," "bipolar disorder" and "high risk." Two reviewers independently reviewed the database and extracted the data to avoid bias or error in the selection of articles and the extraction of data from studies. Discrepancies were resolved through discussion and consensus. Second, the reference lists of the articles included in the review were checked for relevant studies not identified by computerized literature searching. Our search included all reports published up to December 2010 without any language restriction.
Inclusion criteria
To qualify for inclusion in our review, studies must have been an original paper appearing in a peer-reviewed journal; recruited participants at genetic risk for bipolar disorder; and employed functional, structural or neurochemical imaging techniques. Studies were independently assessed by the 2 researchers and evaluated against inclusion and exclusion criteria by consensus. Almost all of the included studies were case-control studies, involving either a group of healthy controls or a group of patients with established bipolar disorder matched for age and sex. To achieve a high standard of reporting, we adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines 7 and the revised Quality Of Reporting Of Meta-analyses (QUOROM) statement. 8 
Systematic review
The recorded variables for each article were imaging technique (fMRI, PET, MRS, MRI, DTI), imaging analysis (whole-brain/region of interest [ROI]), stimulus, field strength, sex, mean age, exposure to medication, brain regions analyzed and principal findings (HR v. controls, HR v. bipolar disorder).
Meta-analyses
Meta-analysis of regions of interest
The primary outcomes of interest were global/regional volumes for structural and regional activity for functional imaging studies, as well as metabolic ratios of cerebral tissue compounds for MRS and binding potential of cerebral receptors for PET studies. The intracerebral volume was defined as a sum of the volume of all voxels designated as grey matter volume, white matter volume plus cerebrospinal fluid (CSF) and the whole brain volume as a sum of grey matter plus white matter volume. 9 Meta-analyses were conducted when at least 3 studies employing a similar imaging technique were available for a particular ROI. When there were 2 or more studies from the same centre, we carefully checked putative overlapping samples by directly contacting the authors to verify that there was not a substantial overlap. Statistical analysis was carried out using Comprehensive Meta-Analysis Software version 2 (Biostat Inc.). 10 This package employs the same computational algorithms used by the Cochrane Collaborators to weight studies. First, we calculated the effect size for each study included in the meta-analyses. As a meas ure of effect size, we adopted the Hedges' g (i.e., the difference between the means of the HR and control groups divided by the standard deviation [SD] and weighted for sample size) to correct for bias from small sample sizes. 11 This metric is normally computed using the square root of the mean square error from the analysis of variance testing for differences between the 2 groups, as indicated by the following formula (where X is the raw score, M is the mean, and N is the number of cases):
2 / (N -1) and Spooled = MS within Second, we applied random effects models, which are more conservative than fixed-effect models and considered to better address heterogeneity between studies and study popu lations, allowing for greater flexibility in parsing effect size variability. Moreover, they are less influenced by extreme variations in sample size. 12 Heterogeneity among studies was assessed with the Q statistic, with magnitude of heterogeneity being evaluated with the I 2 index. 13 As studies with negative results are less likely to be published than studies with significant results, we examined the possibility of publication bias by visually inspecting funnel plots and applying the regression intercept of Egger and colleagues. 14 In this way, we assessed whether there was a tendency for selective publication of studies based on the nature and direction of their results. In addition, we used the fail-safe procedure 15 to generate a number of unpublished studies that would be needed to move estimates to a nonsignificant threshold. To assess the robustness of the results, we performed sensitivity analyses by sequentially removing each study and rerunning the analysis.
Whole brain voxel-based meta-analysis
Whole brain voxel-based meta-analyses were carried out using the activation likelihood estimation (ALE) technique 16 implemented in Ginger ALE (www.brainmap.org/ale/). We performed meta-analyses when at least 3 studies (functional or structural) providing coordinates suitable for meta-analysis were available. In cases when 2 or more studies from the same centre existed, we carefully checked putative overlapping samples by directly contacting the authors to verify that there was not a substantial overlap.
Although the robustness of the results depends on the size of the meta-analysis, and there are no universally accepted criteria for assessing this, for a study of this size, if 6 or more foci contribute to a cluster, it is considered to be very robust, and if 3-5 foci contribute to a cluster, it is considered acceptable (see www.brainmap.org/forum/). 17 The equally weight ed coordinates were used to form ALEs for each voxel in the brain, as described by Turkeltaub and colleagues. 16 In brief, to allow for error in spatial localization related to intersubject variation in functional anatomy and inter study differences in data-smoothing and registration, the reported loci of maximal activation were modelled as the peaks of 3-dimensional (3-D) Gaussian probability density functions with a full-width at half-maximum of 10 mm. The probabilities of each voxel in standard space representing each primary locus of activation were combined to form a map of the ALE score at each voxel. Statistical significance was assessed using a permutation test with 5000 permutations, corrected for multiple comparisons (the false discovery rate was set at p = 0.001). Clusters of suprathreshold voxels exceeding 400 mm 3 in volume were defined as loci of brain activation in common across all studies included in the meta-analysis. 18 The resulting ALE maps were thresholded at p = 0.005, in line with previous studies. 19 This overall metaanalytical approach 18 has been widely used in a number of functional and structural reviews. [19] [20] [21] [22] [23] [24] [25] [26] Whole brain maps of the ALE values were imported into the MRIcron software program (www .sph .sc .edu /comd /rorden /mricron) and overlaid onto the brain template for presentation purposes.
Results
Studies found
Thirty-seven studies met the inclusion criteria for the current study. Tables 1-4 summarize all reviewed structural and functional studies. The sample included 27 structural and 10 functional imaging studies (Fig. 1) 
Genetic risk for bipolar disorder
The studies included in the present review employed different genetic HR groups: monozygotic twins, 1 31, 32, 35, 37, 38, 44 and undefined relatives of patients with bipolar disorder. 28, 45, 47, 48, 50, 61 The risk of the disorder developing across such samples is not the same. First-degree relatives of affected individuals have about a 10-fold increased risk for the disorder compared with unaffected controls. 62 The risk for bipolar disorder varies from about 5%-6% when there is only 1 affected first-degree relative to more than 50% when there are 4. 62 Other authors have indicated that children of 1 parent with bipolar disorder have a 30% chance of a mood disorder developing; the likelihood increases to 70% if the second parent also has a mood disorder. 40 Twin studies, by essentially comparing groups of twin pairs matched for shared environment but differing in degree of genetic relatedness, can help parse genetic and environmental contributions. Twin studies typically involve monozygotic twins (who are essentially genetically identi c al) and dizygotic twins (who share on average half of their genes) and have concordance rates of 38%-44% and 79%-87%, respectively. 62 The presence of qualitatively sim ilar deficits in the nonaffected co-twins, siblings and offspring of patients with bipolar disorder suggests that at least some of these abnormalities are related to the familial (and in the main genetic) risk for the disorder, independent of environmental or illness effects. 
Structural imaging studies
Magnetic resonance imaging
Earlier MRI studies involving monozygotic twins have explored the involvement of the striatum, amygdala and hippocampus in genetic liability to bipolar disorder. Caudate nuclei were larger in both affected (bipolar disorder) and unaffected (HR) twins than in healthy twins, suggesting the possibility of structural risk factors shared by both bipolar twins of the discordant pairs. 1 Conversely, the affected twins showed a consistently smaller region of the right hippocampus, suggesting a structural marker for the presence of disease. 1 However, subsequent studies involving monozygotic and dizygotic twins found no decrease in hemispheric grey matter volume but decreased white matter volume in patients with bipolar disorder and co-twins (HR) compared with unaffected twins, 27 reflecting genetic factors predisposing to bipolar disorder. Another twin study, by applying structural equation modelling, demonstrated that at least 38% of the covariance between white matter volume and bipolar disorder could be explained by genetic factors that influence both the volume of white matter and the risk for the disease. 46 This indicates that genes involved in the etiology of bipolar disorder may contribute to the white matter decreases found in patients with the disorder and in their cotwins (HR). In a follow-up study, the same authors clarified that widespread grey matter density decreases were predominantly associated with unique environmental factors related to bipolar disorder. In contrast, the brain abnormalities associated with the genetic risk for bipolar disorder were much more circumscribed and limited to white matter decreases bilaterally in the superior longitudinal fasciculi and grey matter loss in the right medial frontal gyrus, precentral gyrus and insula. 51 These results suggest that white matter pathology in the frontal lobe may be central to the genetic risk for bipolar disorder, whereas most of the widespread grey matter abnormalities may be related to environmental effects and the illness itself. 51 The other MRI studies in our meta-analysis investigated relatives (first-and second-degree, children) of patients with bipolar disorder. McDonald and colleagues 30 first employed structural equation modelling to distinguish the neuroanatomical correlates of a genetic risk for schizophrenia or bipolar disorder. Genetic risk for schizophrenia was specifically associated with distributed grey matter volume deficits in the bilateral fronto-striato-thalamic and left lateral tempor al regions, whereas genetic risk for bipolar disorder was specifically associated with grey matter deficits only in the right anterior cingulate gyrus and ventral striatum. In a followup study, the same authors found that whereas relatives of patients with schizophrenia had enlarged lateral ventricles, relatives of patients with bipolar disorder showed preservation of ventricular volume. 34 Ladouceur and colleagues 5 were the only authors who reported significant grey matter differences in the hippocampus of HR individuals, with larger hippocampal volume in the HR group compared with controls. As this is the opposite to findings of reduced hippocampal volume in patients with established bipolar disorder, the auth ors speculated that larger hippocampi may have a role in protecting against or delaying subsequent development of the disease. 5 However, other studies have not replicated this finding, reporting no hippocampal volume 45 or shape 29 abnormalities in the HR group. Hajek and colleagues 43 have investigated other brain regions, showing significant caudate increases in the HR group compared with controls, with comparable caudate volumes among patients with bipolar disorder and controls. The pattern of changes observed with the largest changes in HR individuals and comparable volumes between patients with bipolar disorder and controls did not meet criteria for an endophenotype and was interpreted as reflecting a compensatory/protective change. Other authors have uncovered contrasting findings, with caudate reduction in HR individuals compared with controls. 31 McIntosh and colleagues 35 related grey and white matter volume to a continuous measure of genetic liability and found no findings specific to a genetic liability to bipolar disorder; this finding was contrary to that of another study. 30 No significant abnormalities were observed in the subgenual cingulate cortical volumes of HR individuals. 37, 44 Independent studies confirmed that pituitary volume abnormalities are not a consistent hallmark of genetic liability to bipolar disorder, but rather may be related to clinical symptoms, treatment or comorbidities. 39, 49, 63 A study involving children of patients with bipolar disorder found no statistically significant differences in prefrontal striatal, thalamic and amygdala volumes between HR individuals and healthy controls. 40 In a recent study, neither cognition nor white matter volume was associated with the level of functioning in the HR group, and the authors speculated that genetic risk for bipolar disorder may not translate into uniform changes in brain structure. 50 Another study found increased insular and cerebellar volume in HR individuals compared with controls. However, whereas insular changes were associated with familial predisposition to bipolar disorder regardless of clinical phenotype (i.e., present in patients with bipolar disorder and HR individuals but not in controls), cerebellar abnormalities were associated with resilience (present in HR individuals but not in patients with bipolar disorder or controls). 42 Two MRI studies have investigated the corpus callosum size 47 and shape and whole-brain white matter potential abnormalities Structural studies n = 32
Articles assessed for eligibility and included n = 27
Articles assessed for eligibility and included n = 10
Excluded n = 10
Articles were excluded based on • the method of analysis (influence of genes on brain morphology) • the sample of participants examined in these studies Articles included n = 37 matter hyperintensities in HR individuals. Ahearn and colleagues 28 uncovered white matter hyperintensities in 60% of HR individuals and 100% of patients with bipolar disorder, suggesting that MRI hyperintensities cosegregate with bipolar disorder. Gulseren and colleagues 33 showed more hyperintensities in patients with bipolar disorder than in their siblings or in healthy controls. Lesions were detected in 67% of patients, 17% of their siblings and 33% of controls. However, a recent study with a large sample found comparable proportions of white matter hyperintensities in affected familial, unaffected HR and control groups. 48 After eliminating the effects of illness burden, comorbid conditions and older age, the proportions of patients with white matter hyperintensities were comparable among HR individuals and healthy controls, suggesting that they may not be directly related to bipolar disorder. 48 
Diffusion tensor imaging
Diffusion tensor imaging is an MRI technique that enables the measurement of the restricted diffusion of water in tissue and allows for the study of axonal structure and white matter bundle coherence by measuring across white matter fibres. White matter abnormalities are one of the most consistently reported neuroimaging findings in patients with bipolar disorder. 64 Two studies included in our analysis used DTI to assess the integrity of white matter tracts in the brain. Frazier and colleagues 36 showed reduced fractional anisotropy in the superior longitudinal fasciculus of HR individuals compared with controls. The second study found that genetic liability to bipolar disorder was correlated with lower fractional anisotropy in several major white matter tracts of the brain. Of interest, no significant differences in fractional anisotropy were observed between HR individuals and controls, but the HR individuals showed intermediate alterations compared with controls and patients with bipolar disorder. 41 Detailed summaries of the main findings of the DTI studies are reported in Tables 1 and 2 .
Functional imaging studies
Positron emission tomography
There was 1 study included in our analysis that measured regional cerebral blood flow (rCBF) using PET and a previously validated sample of patients with bipolar disorder with acute mood challenge treated with lithium and who had remained stable for a long period as well as their unaffected, healthy siblings. 55 When emotionally provoked, the HR individuals showed changes in brain activity consistent with those of their family members with bipolar disorder. Specifically, high baseline rCBF in the ventral medial frontal cortex that increased further with provoked sadness distinguished the HR individuals from the patients with bipolar disorder treated with lithium, in whom rCBF was decreased. 55 This increase in the medial frontal cortex in the HR group was also not seen in the healthy controls who were not at risk, suggesting that it could be a compensatory change, making it a good candidate for future research into the factors mediating resilience and vulnerability.
Magnetic resonance spectroscopy
Proton MRS (H-MRS) is a noninvasive procedure using magnetic resonance technology to determine levels of specific neur onal substrates such as N-acetylaspartate (NAA), choline (Cho), myoinositol (mI) and creatine + phosphocreatine. Four studies included in our analysis used MRS to evaluate several brain regions in individuals at enhanced genetic risk for bipolar disorder. Cecil and colleagues 53 found a trend for the levels of NAA and Cr to be lower , by about 8%, within the cerebellar vermis in children of patients with bipolar disorder than in children of parents without a psychiatric disorder. In addition, the frontal cortex in children of patients with bipolar disorder revealed elevated mI concentrations, about a 16% increase, compared with children of parents without a psychiatric disorder. 53 Another MRS study, however, found no signifi cant group differences in metabolite indices (NAA:Cr ratios or levels of mI or Cho) in the dorsolateral prefrontal cortex in HR individuals compared with controls. 54 Another independent study with a large sample also found no significant prefrontal differences in Cho, creatine, NAA or mI levels in HR individuals. 38 Singh and colleagues 60 reported that the offspring of parents with bipolar disorder showed decreases in anterior cingulate glutamate absolute concentrations and trends toward decreases in glutamate relative to creatine after fully syndromal mania developed, but not at baseline. This suggests that for HR individuals, altered glutamatergic functioning is connected to the development of bipolar disorder rather than associated with familial risk.
Functional MRI
There were 5 studies employing fMRI techniques to address the neural activation during different tasks in individuals at genetic risk for bipolar disorder. Allin and colleagues 59 used a verbal fluency task to show that patients with bipolar disorder and their relatives shared similar deficits of deactivation in the retrosplenial cortex. Failure to deactivate this area is expected to impair task performance, consistent with an inherited deficit, either as part of the "evaluative" system in its role as a regulator of emotion and affect or overactivity of the default mode, which interferes with task performance. 59 An fMRI study of working memory processing in the same participants demonstrated increased prefrontal activation in the HR group. 56 This suggests that prefrontal hyperactivation during working memory may represent a potential endophenotype for bipolar disorder. An independent fMRI study confirmed a trend toward hyperactivation during working memory in HR individuals. This group failed to suppress activation in the left anterior insula, orbitofrontal cortex and parietal lobule. 58 Surguladze and colleagues 61 have further identified exaggerated regional cerebral activation in response to facial emotional expressions of fear and happiness both in patients with bipolar disorder and in their unaffected first-degree relatives. The authors propose that overactivation of the medial prefrontal cortex and subcortical structures in response to facial emotion processing tasks may represent a neurobiologic abnormality associated with genotypic variation conferring susceptibility for bipolar disorder. However, another verbal fluency study reported there were no significant differences between the HR and control groups, suggesting that hyperactivity during cognitive functioning is not a marker of genetic risk for bipolar disorder. 57 
Meta-analysis
Meta-analysis of regions of interest
As stated in the Methods section, meta-analyses were performed when at least 3 studies were available for a given ROI. There were not enough functional studies of the same ROIs to allow meta-analysis; however, there were sufficient structural studies to perform meta-analyses for the following regions: thalamus (n = 3), 31, 35, 40 striatum (n = 4), 1, 31, 40, 43 amygdala (n = 7), 1, 5, 31, 35, 40, 42, 45 hippocampus (n = 8), 1, 5, 29, 31, 34, 35, 42, 45 pituitary gland (n = 3) 39,49,63 and frontal lobe (n = 4). 5, 40, 42, 65 In all of these brain regions there were no meta-analytical significant differences between HR individuals and controls. Conversely, we detected a trend toward larger intracerebral volumes in HR individ uals compared with controls 44, 46, 49 (p = 0.07; Fig. 2 ). The HR group showed similar grey matter volumes compared with the control group 1, 27, 43, 46 (p = 0.86) but increased grey matter volumes compared with patients with bipolar disorder (p = 0.031, Fig. 3 ). 1, 27, 43, 46, 50 
Whole brain meta-analysis
As stated in the Methods section, meta-analyses were performed when at least 3 whole brain studies (functional or structural) providing spatial coordinates suitable for computation were available. There were insufficient whole brain structural studies (grey matter or white matter) for metaanalysis; however, we found 4 fMRI studies suitable for an ALE meta-analytical approach. 56, 58, 59, 61 Two of them explored cortical response during working memory, 56,58 1 during verbal fluency 59 and 1 during emotional processing. 61 Independent of task, HR individuals showed increased neural response in the left superior frontal gyrus (Talairach coordinates x, y ,z = -27, 59, 14), in the medial frontal gyrus (Talairach coordin ates x, y, z = 0, 44, 14) and in the left insula (Talairach co ordinates x, y, z = -43, -1, -15; Fig. 4) . Conversely, controls did not show increased neural activation in any brain regions compared with HR individuals. measured by the Egger intercept, was nonsignificant (p = 0.34). The fail-safe procedure determined that 113 unpublished studies would be needed to bring the overall meta-analytic estimate to a nonsignificant threshold. Robustness of metaanalytic findings was examined by sequentially removing each study and reanalyzing the remaining dataset (producing a new analysis for each study removed). No study affected the overall meta-analytic estimates of Hedges' g by more than 0.1%. The pattern of differences across the subanalyses remained essentially unchanged in direction and magnitude. According to the criteria set by Higgins and Thompson, 66 heterogeneity across published studies was small in magnitude and statistically nonsignificant (p = 0.10, I 2 = 5.467).
Publication bias, heterogeneity, sensitivity analysis
Discussion
We present here a comprehensive systematic review and meta-analysis of structural and functional neuroimaging markers of genetic risk for bipolar disorder. To better understand our results we will first summarize the core imaging findings in patients with bipolar disorder and will then relate them to individuals at genetic risk for the disease.
Neuroimaging correlates of established bipolar disorder
The pathophysiology of bipolar disorder remains poorly under stood, although reviews and meta-analyses of structural imaging studies 67 suggest the presence of subtle abnormalities in the brains of patients with the disorder. The most consistent structural findings include preservation of total cerebral volume with regional grey and white matter changes in prefrontal, midline and limbic networks, noncontingent ventriculomegaly and increased rates of white matter hyperintensities (for a review, see Emsell and McDonald 68 ). Functional alterations have been reported in the neural systems for emotion processing and executive control (for a review, see Pan and colleagues 69 ). However, these findings are not consistent. For example, a meta-analysis of regional morphometry studies in adults with bipolar disorder suggests significant heterogeneity across studies and brain structures. 70 It was not possible to account for differences in medication in studies because of the limited information reported. Some of the reported discrepancies may be owing to effects of medication (especially lithium 67 ), the effect of illness duration or small sample sizes. Despite the pronounced genetic effects on patients with bipolar disorder, the question of whether the genetic risk for the disorder is associated with some of the reported functional or structural brain abnormalities has hardly been addressed. 46 
Genetic studies in patients with bipolar disorder
The genetic inheritance of the disorder is complex; it is most likely to be polygenic rather than due to genes of major effect. Since unaffected relatives of patients with bipolar disorder are likely to share some susceptibility genes with affected patients, without overt expression of the clinical phenotype, abnormalities of structure or functioning detectable in HR individuals but not in controls may reflect genetically driven trait-related deficits (trait markers) for the disorder. Sometimes the same abnormalities may also be evident both in the HR and in the bipolar disorder groups, suggesting the possibility of genetic risk factors shared by both groups. Conversely, neuroimaging alterations observed in patients with bipolar disorder but not in HR individuals and controls can be interpreted as relating to the clinical status of the patients (state markers). Structural or functional abnormalities associated with resilience (resilience markers) are present in HR individuals but not in patients with bipolar disorder or controls. Overall, these alterations represent specific endophenotypes and can be conceptualized as neurobiologic markers that are intermediate between the underlying susceptibility genes for an illness and the clinical expression of the illness. An advantage of studying unaffected relatives is that abnormalities detected cannot be confounded by medication or other illness-related factors. 56 Thus, examination of the unaffected relatives of patients is used to study the relation between increased genetic risk and brain abnormalities because these people carry the genetic risk for the disease but not the disease itself. However, these studies are limited by the fact that they cannot discriminate between genetic and shared environmental influence. In contrast, studying monozygotic and dizygotic twin pairs in which 1 twin is affected by bipolar disorder is a powerful approach to determine the relative contribution of genetic and environmental influence. 51 
Gray matter alterations and genetic risk for bipolar disorder
Our whole-brain meta-analysis showed grey matter volume reductions in the bipolar disorder group compared with the HR group, 1, 27, 43, 46, 50 with grey matter volume in HR individuals being similar to that in controls. 1, 27, 43, 46 In line with the latter finding, no significant grey matter volume reductions in the frontal lobe were observed in HR individuals compared with controls. 5, 40, 42, 65 However, the nonsignificant trend toward larger intracerebral volumes in HR individuals compared with controls might indicate a dynamic process during the transition to bipolar disorder, presumably affecting various cortical areas at approximately identical time points. It could reflect either an effort to engage other, volumetrically larger regions aiming to compensate commencing pathologic processes or a resilience marker, since not all HR individuals will transition to bipolar disorder. These findings of larger whole-brain volumes can simply signify differences in tissue behaviour (i.e., tissue swelling or shrinkage) or involve changes in the cell density or composition of the neuropil and/or the myelinated sheets of neurons.
There has been an interest in the possibility of basal ganglia involvement in the genetic risk for bipolar disorder because of the increased prevalence of bipolar disorder in patients with diseases affecting these regions, including Huntington disease and cerebrovascular disease. 1 In particular, we found a number of structural imaging studies of HR individuals focusing on the striatum, including the caudate, putamen and nucleus accumbens. 1, 31, 40, 43 Considering the functional heterogeneity of the striatum, it is not surprising that it has been associated with a wide range of behavioural, cognitive and emotional disorders, including mood disorders. 43 Other studies have focused on putative thalamic structural alterations in HR individuals, 31, 35, 40 as the thalamus plays a key role in cognitive functioning, and prefrontal-thalamic interactions mediate executive functions. 71 However, our metaanalysis found no significant differences between HR individuals and controls in such regions, suggesting that striatal or thalamic structural abnormalities are not trait markers of bipolar disorder.
The theory that neuroanatomical circuitries are implicated in the pathology of bipolar disorder would imply the involvement of the temporal lobe, particularly the hippocampus and amygdala. 1 In particular, a dynamic relation between the amygdala and parahippocampal gyrus may regulate emotional appraisal 5 in patients with affective disorders. Consistent with these notions, we uncovered a number of structural studies addressing hippocampal regions and the amygdala in individuals at genetic risk for bipolar disorder. 1, 5, 29, 31, 34, 35, 42, 45 Most of these studies revealed inconsistent findings and nonsignificant differences between HR individuals and controls. The present meta-analysis confirmed that hippocampal and amygdala structural alterations are not trait markers for bipolar disorder. This is somewhat consist ent with evidence from twin studies of schizophrenia for nongenetic factors affecting hippocampal volume and the susceptibility of the hippocampus to environmental risk factors, such as obstetric complications and stress-induced glucocorticoid excess. 34 The preservation of hippocampal/amygdalar volume in HR individuals is contrary to reports of decreased volumes in children or adolescents with bipolar disorder. This discrepancy is likely related to clinical heterogeneity and diagnostic controversies around pediatric bipolar disorder. The cluster of mood liability, irritability, impulsivity and attention deficits, which constitutes the phenotype of pediatric bipolar disorder, as diag nosed in these studies, may not be continuous with adult bipolar disorder, which presents with different behavioural symptoms. 45 Studies in patients with bipolar disorder often reported increased, decreased and unchanged pituitary volumes. As it is unclear whether pituitary volume changes are secondary to burden of illness or primary, increasing vulnerability for mood disorders, we reviewed some MRI studies addressing this point. 39, 49, 63 If pituitary volume abnormalities are secondary, they should be present only in patients with longer history of illness. If, however, pituitary volume abnormalities are primary and causative of episodic hormonal dysregulations or increased vulnerability to mood disorders, they should already be present before or early in the course of illness in individuals at risk for bipolar disorder. 39 Our metaanalysis uncovered no significant pituitary difference between the HR individuals and matched controls, suggesting that pituitary volume abnormalities are not a consistent trait marker of bipolar disorder, but rather may be related to clinical symptoms. This finding is in line with evidence indicating that cortisol abnormalities are mostly present only during episodes of mood dysregulation. The pituitary volume could then represent a state marker. This hypothesis is supported by association between pituitary volumes and postdexamethasone cortisol levels. 39 The present meta-analysis suggests that grey matter volume alterations can be interpreted as state markers of bipolar disorder, reflecting the clinical presentation of symptoms, duration of illness, exposure to treatment 46 or a combination of these factors.
White matter alterations and genetic risk for bipolar disorder
Although the first MRI twin studies found decreased white matter volume in patients with bipolar disorder and co-twins (HR) compared with control twins, 27 subsequent studies have not found significant white matter volumetric alterations in HR individuals compared with controls 32, 47 or patients with bipolar disorder. 50 However, all MRI studies using structural equation modelling uncovered significant correlations between genetic liability to bipolar disorder and white matter alterations, 30, 46, 51 suggesting that white matter alterations are trait markers for the genes involved in the etiology of bipolar disorder. 29 These authors speculated that white matter pathology may be central to the genetic risk for bipolar disorder, particularly circumscribed pathology limited to alterations in the principal white matter tracts of the brain. 51 This is supported by the evidence that there is an increased prevalence of white matter hyperintensities in patients with established bipolar disorder, one of the most consistently replicated findings in structural MRI studies of bipolar disorder. 36 Hyperintensities are reported to localize mostly on frontal white matter and the subcortical grey nucleus (thalamus, basal ganglia), and there is evidence that they localize in the deep white matter rather than in the periventricular area.
Several other lines of evidence, such as those derived from gene expression and genetic association studies, also suggest the involvement of white matter pathology in patients with established bipolar disorder. For instance, reductions in the number, size and density of glial cells as well as downregulation of key oligodendrocyte and myelination genes have been reported in postmortem studies of individuals with bipolar disorder. Significant reductions in the number, density and size of glial cells could be reflected in reduced white matter tissue, as well as signal hyperintensities. Interestingly, white matter pathology has also been suggested to be central to the genetic risk for schizophrenia. 46 Whereas the findings from studies of white matter hyperintensities in patients with bipolar disorder have been con sistent, only 2 studies have examined white matter alterations in HR individuals, and their results are conflicting. The first study found evidence of an increased prevalence of hyperintensities in HR individuals compared with controls, 28 whereas a subsequent study found no significant differences. 48 Further studies are clearly needed before firm conclusions can be drawn. There is a little more evidence comparing HR individuals to patients with bipolar disorder: 2 studies found more hyperintensities in the bipolar disorder compared with the HR group, 28 ,33 whereas a subsequent study failed to replicate the result. 48 Differences in imaging methods, small sample sizes and sociodemographic characteristics of the HR individuals may account for high heterogeneity across studies and for inconclusive findings.
Functional alterations and genetic risk for bipolar disorder
There were fewer functional (fMRI and PET) than structural studies investigating individuals at genetic risk for bipolar disorder. Nevertheless, our voxel-based meta-analysis uncovered a consistent network of neurofunctional abnormalities in the superior and medial frontal cortex and in the insula in HR individuals; in these regions the neural response was greater in HR individuals compared with controls, independ ent of the cognitive task employed. Studies of neuropsychologic function in HR individuals show there are similar impairments to those seen in patients with bipolar disorder. 6 A recent meta-analysis in HR individuals and patients with bipolar disorder confirmed that executive function and working memory impairments are state independent and present in unaffected relatives who are likely to be carrying susceptibility genes for the illness. 6, 59 Taken with the result of our meta-analysis of functional studies, increased activation in regions involved in cognitive functions that are impaired in HR individuals and in patients with bipolar disorder can be interpreted as a shared trait marker of illness. Increased activation can compensate for functional deficits elsewhere in the cognitive network of HR individuals, enabling them to maintain performance, although performance becomes impaired when demands increase. 56 In other words, the greater activation in the prefrontal cortex demonstrated by HR individuals does not reflect better or worse performance but rather the optimal level of activation to achieve that level of perform ance. With respect to PET studies, the siblings' unique increases in the medial frontal cortex appear to identify a compensatory response in this HR group, as this pattern was not seen previously in healthy individuals without depression risk factors. Similarly, studies of patients with schizophrenia demonstrated that the increasing blood oxygen level-dependent response was compensatory in nature and an indicator of inefficiency of frontal cortical structures during cognitive tasks. 56 This has been termed "functional inefficiency," as this increase in fMRI response did not produce greater performance accuracy. Our findings can be interpreted in a similar fashion. 57 Abnormalities in prefrontal regions can be associated with suppression of task-induced negative emotion, leading to abnormal activation in regions associated with emotional arousal (e.g., insula), and further interfere with cognition in the HR group. 58 However, the neurochemical basis of the functional abnormalities in HR individuals is unclear. Whereas there have MRS studies in the HR population, the findings have been inconsistent, with 3 of 4 studies reporting no significant differences in metabolites between the HR and control groups. 38, 54, 60 It remains unknown whether functional abnormalities precede structural ones and how reversible these abnormalities are.
Limitations
The evidence available is from cross-sectional studies where the clinical outcomes of the HR individuals are unknown. Although we are able to identify potential imaging markers of risk and resilience in HR individuals by comparison with findings in patients with bipolar disorder, this approach is not as robust as a within-subject design, and longitudinal evaluation of the markers will be needed before they can be used in clinical practice. To date, no longitudinal studies are available that allow for a separation between resilient individuals at high risk who do not transition to the disease and those who are presymptomtic. Thus, increased intracerebral volume could be interpreted as conferring resilience onto HR individuals by increased structural connectivity or a similarly protect ive mechanism. Longitudinal neuroimaging studies in HR individuals will be able to definitively ascertain the core neuroanatomical alterations at different time points underlying the development of bipolar disorder. Relatively few studies involving relatives of patients with bipolar disorder were available, which prevented meta-analysis in some domains and limited the robustness of imaging findings in HR individuals. 72 The meta-analysis of data collected on different MRI scanners, and the use of different acquisition protocols, is complicated by the potentially confounding effects of differences between sites. Conflicting results in the field may also be a consequence of heterogeneity across studies with different analysis methods, small sample sizes and different inclusion criteria for the HR cohorts. For example, most studies included HR participants with a family history of bipolar disorder without specifying whether the patients had bipolar disorder I or II. It should also be noted that some of the reviewed studies included unaffected and/or healthy firstdegree relatives or other relatives, whereas other studies included relatives who had other psychiatric conditions such as attention-deficit/hyperactivity disorder, anxiety or affective disorders. It is also important to consider the clinical characteristics of the participants, particularly the HR individuals, some of whom may have had subsyndromal symptoms when studied, whereas others may have been asymptomatic. The level of subsyndromal symptoms in HR individuals is not reported in a number of studies, but differences could contribute to the inconsistency in some of the findings.
In addition, bipolar disorder is likely to be influenced by many genetic and epigenetic factors, and the assumption of a simple linear genetic relation (i.e., controls > HR > bipolar disorder or controls < HR < bipolar disorder) may be naive. In fact, familial genetic effects may also be confounded by influences specific to the patient group, such as lifetime episodes of mania and depression or medication (including lithium), which may be associated with neurophysiologic changes that are likely to further confound differences in neural activation patterns or structural changes. 59 A further limitation was that there was not enough statistical power to compare different HR groups (i.e., first-degree relatives v. twins or clinically symptomatic HR v. nonsymptomatic HR). Finally, because of heterogeneity of the assessment instruments used across studies, it was not possible to correlate imaging modalities with psychopathologic measures or clinical outcomes. The overall sample size of our meta-analysis was small, and consequently the chance of finding significant p values for tests of heterogeneity and bias were remote. Moreover, owing to heterogeneity of the phenotype of bipolar disorder and the HR status, it will be important to identify markers of risk for psychopathology in individuals at high familial risk as well as those at increased risk of bipolar disorder per se.
Implications
Currently, there are only preliminary data 3 distinguishing between individuals presenting with possible prodromal features of bipolar disorder who will transition to bipolar disorder and those who will not. This limits clinicians' capacity to offer accurate prognoses and preventive interventions. Thus, biomarkers, either of risk or resilience, that differentiate those who will transition to bipolar disorder from those who will not would be invaluable. Our finding that grey matter decrease may be a state-related factor for bipolar disorder suggests that structural imaging may be a useful biomarker to distinguish between individuals who will transition to bipolar disorder from those who will not. Prospective studies of grey matter volume in HR individuals are needed to evalu ate this. A further implication of our meta-analysis is that hyperactivation in the frontal and insular cortex is the neural substrate for the executive function impairments seen in HR individuals and patients with bipolar disorder. The similarity between our findings in HR individuals and previous findings in patients with bipolar disorder suggests that hyperactivation in these regions is a good candidate as a trait endophenotype for bipolar disorder. However, whereas it indicates that bipolar disorder develops in the context of a dysfunctional brain, further work is needed to determine how this relates to the affective disturbance and other clinical features that develop with the onset of bipolar disorder. Finally, it is clear that there have been few studies of white matter hyperintensities in HR individuals. This is surprising given the number of studies indicating that these are increased in patients with bipolar disorder and warrant further investigation in HR individuals.
Conclusion
Despite heterogeneous imaging methods, samples and conflicting findings pervading the literature, there is accumulating evidence for the existence of neurobiologic abnormalities in individuals at genetic risk for bipolar disorder at various scales of investigation. The etiopathogenesis of bipolar disorder will be better elucidated by future imaging studies investigating larger and more homogeneous samples and using longitudinal designs to dissect neurobiologic abnormalities that are underlying traits of the illness from those related to psychopathologic states, such as episodes of mood exacerbation or pharmacologic treatment.
